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FOREWORD

Contract No. AF 19(628)-480 was awarded to Texas Instruments
Incorporated in May 1962, The award was made in response to an un-
solicited proposal, prepared and submitted by Texas Instruments, which
outlined a study directly supporting the lunar research program of the
U. S. Air Force, The basic objectives of the proposed study included
assessment of radar potentialities for future lunar exploration and es-
tablishment of guides for selecting optimum radar frequencies for specific-
property lunar determinations. The proposed work consisted of the following
phases:

Phase I - Simulation Requirements and Recommendations

Phase II - Final Program Design, Implementation and
Conduct

Phase III - Radar Evaluation.

The subject contract covered Phase [ and provided for six and a half man
months of effort distributed over seven calendar months. Phase I work,
discussed in this report, deals primarily with theoretical analyses of the
effects of lunar environmental conditions on radar propagation and the
feasibility of simulating radar analysis of possible lunar surface materials
in a terrestrial laboratory.

The principal contributors to this study and their areas of
specialization and industrial or academic affiliation are shown below,
Participation in data collection, analysis and project guidance was con-
sidered in making the percentage-of-contribution estimates.

Frank E. Kinsman
(Electrical Engineer - Environmental Studies and
Texas Instruments) cos Theoretical Analysis 35%

Dr. Jack R. Van Lopik
(Geologist - Texas Project Management and
Instruments) ces Technical Counsel 20%

Carroll W. Chapman
(Consulting Electrical
Engineer - Electrical
Engineering Research
Laboratory, University
of Texas) vee Theoretical Analysis 15%
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Charles W. Lancaster
(Geologist - Texas
Instruments) oeo Simulation Facilities 10%

Dr. B. M. Fannin
(Consulting Electrical
Engineer - Electrical
Engineering Research
Laboratory, University Technical Counsel and
of Texas) oo Theoretical Analysis 5%

Dr. A, H. LaGrone
(Consulting Electrical
Engineer - Electrical
Engineering Research
Laboratory, University Technical Counsel and
of Texas) cee Theoretical Analysis 5%

William Jurek
(Electrical Engineer -
Texas Instruments) v Engineering Studies 5%

K. Raymond Burson
{Chemist - Texas
Instruments) oo Environmental Studies 5%

Consulting services were also provided, on an informal basis,
by Drs. F. S. Johnson and A. J. Dessler, atmospheric physicists associated
with the Earth and Planetary Studies Laboratory of the Graduate Research
Center of the Southwest, Dallas, Texas. Richard E. Hohman of Texas
Instruments performed the technical editing of this report.

Dr. John W. Salisbury, Chief, Lunar-Planetary Exploration
Branch, AFCRL was contract monitor for the project,

TEXAS INSTRUMENTS INCORPORATED

[w/(/)é/éu\ag [

Jack R, Van Lopik, 1ef
Area Evaluation Section
Project Manager

[
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ABSTRACT

The future use of radar in making specific-property determinations
of the lunar surface is dependent upon knowledge of (a) the effects of lunar
atmospheric conditions on radar propagation/operation and (b) radar reradiation
signatures of possible lunar surface materials. If assessment of radar
potentialities for exploration of the moon is to be made, theoretical analyses
must be performed to determine possible effects that might be produced on
radar propagation/operation if extreme-value estimates for lunar environ-
mental factors are assumed to be correct. Based on currently available
data and methods of analysis, such effects are shown to be relatively minor.

In view of this determination and the embryonic status of radar terrain analysis,
(which does not permit reliable interpretation of detailed measurements), fairly
gross radar reradiation measurements of postulated lunar materials can be of
great value. Radar frequencies at or near X-band (3 cm) and far-field operation
are best suited for obtaining these data. Relatively simple facilities appear
adequate, but radar reradiation measurements and theoretical determinations
might require verification in a facility capable of simulating selected lunar
atmospheric and surface conditions. In either case, it appears desirable and
feasible to simulate radar analysis of the moon using state -of-the-art radar
facilities and postulated lunar surface materials,
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SECTION 1

INTRODUCTION

A. HISTORICAL WORK ON APPLICATION OF RADAR TO TERRAIN
ANALYSIS

Radar itself is a comparatively recent technology (1904), 70%

but the application of radar to terrain analysis is even newer. Perhaps the

earliest attempt to use radar for a form of terrain analysis was in 1947

when H. P. Smith constructed a radar map of the northwestern coast of

Greenland, 102 It was not until the mid-~fifties, however, that interest

in the use of radar for terrain analysis became more than academic.

The inherent capability of radar for such work is based upon the
fact that when an electromagnetic wave is interrupted by any substance, it
induces electron motion within that substance, which in turn, reradiates the
absorbed energy. This reradiation (which is a function of permittivity,
permeability, and conductivity and commonly associated with the somewhat
artificial term, reflection coefficient) will have a characteristically different
phase and amplitude than that of the incident radiation. Therefore, when
compared with known incident energy, reradiation can provide clues con-
cerning the properties of a substance. Generally speaking, in analyses of
terrain materials, the longer the electromagnetic wavelength, the deeper
will be the penetration below the surface. Hence reradiation contributions
from subsurface materials become evident; i.e., subsurface features can be
analyzed by electromagnetic methods at depths proportional to wavelength,
Furthermore, radar has a surveying capability such that time (or distance},
azmuthal and elevation angles can be used in mapping applications, as fore-
seen by H, P, Smith, Factors such as angle of incidence, polarization and
environment are also major considerations in actual field work, but it is
essentially the above-mentioned inherent capabilities which make radar a
useful tool for remote terrain analysis.

B. HISTORICAL APPROACHES TO THE ANALYSIS OF THE MOON

What has been stated for radar is generally true for all electro-
magnetic radiation. By utilizing such radiation, man has been observing
the moon from the earth for thousands of years (primarily in the visual
spectrum), The actual knowledge gained by such observations is astonishingly
meager. Hypotheses have come cheap, but knowledge is still at a premium.

% Reference Number
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The reason for this lack of knowledge can undoubtedly be blamed on (1} the
relative lag in the development of suitable instruments, and (2) three factors
associated with utilizing the earth as an observation platform; namely

The distance between the earth and the moon, which heretofore
could not be traversed,

The distortions due to the earth's atmosphere, and

The fact that only slightly more than half of the moon's surface
is visible.

Nonetheless, many useful experiments and studies have been,
and are being, conducted utilizing three distinct approaches. These
approaches are (1) continued earth-based observations using instrumentation
which now extends the useful portion of the spectrum from radio through visual,
(2) use of envigfmnental chambers in which a few postulated lunar conditions
are simulated, = (3) determination of the pl})ysical constants of materials
which might compose the lunar surface.45’ 76, 112

C. THE APPROACH OF THIS STUDY

Tremendous advances have been made in instrumentation during
the last quarter century due to the pressures of war. The advent of orbital
satellites, however, has undoubtedly initiated a period of scientific dis-
coveries unequaled in importance to the selenologist. Since space flight
has been proved feasible, many people aware of radar capabilities hﬁ/e 109
proposed lunar orbiting vehicles with radar as the remote sensor. ’
Such instrumentation would immediately remove the three difficulties
associated with utilizing the earth as an observation platform,

However, a major problem associated with a radar satellite
approach is cost; i.e., if the launching missile fails or if the effects of
lunar environmental factors completely degrade the returned electromag-
netic terrain analysis data, many dollars ave wasted. Therefore, every
reasonable precaution must be taken to insure success of the mission. Such
systems should be checked out as thoroughly as possible on earth before a
lunar mission is initiated, but analytical studies are by themselves inadequate.
The problems confronted in space operation are so immense, both in com-
plexity and in quantity, that many people have expressed opinions that the
use of space simulation chambers is the only practical solution to the

problem. 19, 60,

But, how completely can a space environment be simulated?
Equally important, how completely must it be simulated in order to test
all the critical features of space exploration?



This study is an attempt to provide an answer to these
que stions for the limited problem of radar analysis of the moon. The
question then becomes, 'Is it feasible to simulate radar analysis of the
moon?"

The above considerations led to the following approach in
this study:

A literature survey to identify the extreme conditions which
might require simulation

A theoretical analysis of these conditions to demonstrate which
ones must be simulated

An engineering study to test the feasibility of simulating the
necessary environmental factors

A survey of simulation facilities to determine if some existing
facility might be used or modified to meet requirements
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SECTION II

SURVEY OF LUNAR ENVIRONMENTAL FACTORS

A. EXTENT OF SURVEY

A literature search, by its very nature, never has a natural
concluding point and constantly requires up-dating. However, more than
150 documents were surveyed in the present study (the majority of which
are included in the bibliography).

B. SURVEY RESULTS

It probably would be difficult to find any other 'scientific' area
of endeavor having more conflicting and confused hypotheses than those
connected with lunar studies. This can be seen readily in Appendix A, a
collection of pertinent quotations which summarize the environmental
literature survey. These quotations have been grouped under five major
headings: temperature, large and small scale surface features, atmos-
phere, mggnetic field, and dimensions.

1. Atmospheric Factors Which Might Affect Radar Analysis of the
Moon

One item which seems to be conspicuous by its absence in all
previous considerations of radar operations in the vicinity of the moon is
the effects of postulated lunar environmental factors on propagation. Until
an analysis has been conducted on the factors associated with the lunar
environment which might influence propagation of electromagnetic energy,
all experimental work using electromagnetic propagation in any form will
be open to serious question. Such determinations certainly cannot be made
in finality within the scope of this report. In fact, it is unlikely that they
could ever be settled using the meager and conflicting data currently
available. However, in order to provide guide lines for environmental
simulation considerations and other future work, pertinent factors were
selected from Appendix A and other sources. This led to the compilation
of Tables I and II.

The method used in selecting values for inclusion in these tables
was not one of trying to make the "'best choice' (such selection processes
must be subjective and therefore, always open to question), but rather one
of selecting extreme estimates as given by various authors. These factors,
in Tables I and II, were examined theoretically to determine their effect
on radar propagation (see Section III).



TABLE 1

REPORTED EXTREMES OF SELECTED LUNAR AND
TERRESTRIAL ATMOSPHERIC FACTORS

[

sen SIS O Pt wed  ewd e

MOON EARTH
(52 (92) (110)  (110)
Temperature 1027° to -183° C 58° to -88° C
(46) (46) (15) (15)
R 12 8 2 -1 -4 2
Particle Bombardment 107" to 10" protons/cm™-sec| 7x 107 to 5 x 10~ protons/cm” - sec -
sterad
(20) (83) (113)
N R 10 3 9 5 3
Atmospheric Density <10"" molecules/cm 2.7x 10" to 9.1 x 107 molecules/cm
(35) (45) (15)  (15)

Atmospheric Pressure

Micrometeorite Flux Density

Molecular Mean Free Path

Electron Density at Surface

Electron Collision Frequency

Atmospheric Constituents

Magnetic Field

Gravity

0.076 to 10™*® mm Hg

(113)

107° particles/cm2 - sec
(> a few microns)

(92) (92)

103/m3 to 107 /em?

(73)

Helium
Krypton

Xenon

Argon

Radon

Neon

Water Vapor
Mercury Vapor
(48)

Sulphur Dioxide
Carbon Dioxide

(35) (73)
3000 to 2.5 gammas
(72)

155 cm/sec

792 to 730 mm Hg

(89)

10-6 particles/cmz - sec
(83) (83)

3x 109 to 9 x 10'6 cm
(15)

2x 10"2/cmZ - sec - sterad
(83) (113)
9.5 x 1011 to 80/sec

(2)

Nitrogen
Oxygen

Argon

Carbon Dioxide
Neon

Helium
Methane
Krypton
Nitrous Oxide
Carbon Monoxide

Xenon
Water Vapor
(15) (15)

60,000 to 25,000 gammas

980 cm/ secZ

# Reference Number
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TABLE II

REPORTED EXTREMES OF SELECTED LUNAR AND

TERRESTRIAL SURFACE AND SHALLOW -SUBSURFACE FACTORS

1 MOON ! EARTH
|
Temperature 920" (92) (110)  (110)
Surface 134° to -183° C 58° to -88° C
(106) (59)
Near Surface -23° C 11° C (20-200")
(45) (73)
Dust Thickness 0 to an average of 1 km
!
i {26)  (76) (1s)  (15)
Dielectric Constant 2.7to L. 1€, 85to ~2 ¢
[+
1 (14) (38) (49) (49)

Thermal Conductivity

Electrical Conductivity

Electrical Permeability

Electron Density at Surface

Surface Elements

Glaciers

Particle Bombardment

Surface Charge
Topographic Relief
Small Scale
Large Scale
Slopes

Magnetic Field

Gravity

l< 10-4 to 5 x 10-6 calories/
sec-cm-deg

(76) (76)

0.8x10 %03, 4x107%
mhos /m

(76) (14)
1.4 to ~1.0

(a2) (92)
103 /3w 107/cm3

(82)

Iron
Silicon
Magnesium
Aluminum
Oxygen
Potassium
Calcium
Neon
Nickel

(8)

! Titanium
(4)

Unknown
leay (51
300 to 0 feet thick

(46) (46}

lO12 to 108 protons/cmz-sec

(79 (79)
40 to 0 volts positive

(91 (45)
"I.Omtoo.l mm
| (56)

i Up to 19,550 feet
;

1(57)
. 46 plus to 0 degrees

1(35) (73)
13000 t» 2.5 gamma
!

(72)
155 em/sec

(69)  (83)

107! t0 1077 mhos /m

(49)
~ 1000 (high purity iron)

(15)

2x lo-zlcmz-sec-sterad

All known

(2)
8000 to O feet thick

(15) (15)

0 volts (normally)

mm up

Up to 29,000 feet

i (33)
i 75 plus to 0 degrees

|
1 (15) {15)
, 60,000 to 25,000 gamma

i
'

1 980 cm/secz

# Reference Number

0.5t03.3x107% calories /sec-cm-deg

7x10 o5 x 10°* protons/cm2 -
sec-sterad



Such an analysis provides results which demonstrate that, even
in the extreme, certain factors will not affect propagation while others
affect it by varying amounts. Obviously the noncontributing factors can be
ignored in a simulation process., The remaining contributors required con-
sideration from an engineering standpoint (see Section IV) to determine the
feasibility of simulating these environmental factors.

Only after these analyses were completed was subjective
reasoning applied to the feasibility of simulating radar analysis of the
moon in a terrestrially~based simulation laboratory (see Section V),

2. Surface and Shallow-Subsurface Factors Which Might Affect Radar
Analysis of the Moon

Many features of lunar materials will affect radar analysis of
the moon. For example, the selection of radar for lunar analysis is based
on the assumption that subsurface information will be available in a radar
output. This is usually true, however, penetration of electromagnetic
radiation is a function of the conductivity of the ''soils,’ Any good con-
ductor exhibits a ''skin effect' which becomes more pronounced as frequency
increases; i,e., current flow is trapped in the outer surfaces of the con-
ducting body and consequently there is little or no penetration into the body.
Therefore, if there should prove to be a highly conductive body (or soil) near
the lunar surface (as postulated by Gibson, Wehner and others), depth of
penetration would be restricted. Subsurface mapping would be extremely
difficult under such circumstances.

As mentioned previously, permeability, permittivity and con-
ductivity all affect electromagnetic propagation, Therefore, the actual lunar
surface and shallow-subsurface materials are very important considerations
in radar analysis of the moon. Not only must their characteristic returns be
identified, but their effects in combination (as illustrated in the preceeding
example) must be considered. For these reasons, Table IIl was prepared
from the information presented in Appendix A and will be used in future
experiments and analyses (see Section IIIB).
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TABLE III

REPORTED LUNAR SURFACE AND SHALLOW-SUBSURFACE MATERIALS

Material

A. UPPERMOST LAYER

IGNEOUS ROCKS
Ultrabasic Rock

Basalt
Volcanic Extrusives

Pumice

Tuff
Froth Material

SANDS
Undifferentiated

DUSTS
Undiffe rentiated

Depth

No Data

No Data

Variable

No Data
No Data

lto 10 cm

lkm to a
few feet

Possible Condition of Material
Found on Lunar Surface

Serpentines
More basic than earth's

Pulverized

Spongy and porous
Disrupted

No Data

Sintered

Low density
Homogeneous
Slag-like

Hard porous

[like] cotton-wool
Half as dense as water
Metal rich residue
Large vesicle size

Dry terrestrial desert
80 per cent quartz
High silica

0.3 mm diameter

Interplanetary

High silica

Meteor dust

Not loose

Loose

Low density

Pulverized magma rock in vacuo
Loosely sintered

1 to 300 micron in diameter



—_ 4

-

02

TABLE III (cont'd)

Material Depth
Ash Very thin
Variable
Meteoritic Veneer to
5 cm

ALTERED PRODUCTS
Few cm

No Data

Sputtered Material

Proton Bombarded
Material (metallic
oxides)

NOT NATURALLY
OCCURRING
(as found on earth)

Pumice
Obsidian
Basalt
Scoria
Quartz

NO SEDIMENTARY ROCKS
NO PRIMARY ROCKS

NO TEKTITES OR
METEORITES

(as found on earth)

NO EXTENSIVE SIN-
TERING OR WELDING

NO OBJECTS 2.5 M TO
10 CM

B. INTERMEDIATE LAYER

No Data From 0.5 cm
down
Several cm

or more

Possible Condition of Material
Found on Lunar Surface

Coarse grained

Chondritic composition minus
5-per cent iron

No Data

Fe 20 3 etc

Albedo too high (visual)
Not opaque enough (visual)

Based on spectrophotometric
data (Halajian)

Measurement of physical
constants (Brunschwig)
Visual experimental work

(Hapke)

"From reported experiments"
{Evans)

Good thermal and electrical
conductor



l Material

C. BASE LAYER

- VOLCANIC
Basalt

Lava
(maria regions)

BASEMENT ROCK

ROCK FROTH

TABLE III (cont!d)

Depth

Extends to con-
siderable depth

No Data

No Data

Extends to con-
siderable depth

Possible Condition of Material

Found on Lunar Surface

Loose particles solid in
nature

Highly vesicular grading
downward into solid lava

Highly fractured

Loose particles solid in
nature

10
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SECTION III

ANALYSIS OF THE EFFECTS OF ENVIRONMENTAL FACTORS
ON RADAR PROPAGATION

A. ATMOSPHERIC
1, Introduction
a. Three Modes of Propagation Considered

Near vertical incidence (corresponding to a lunar orbital
vehicle propagating a restricted pattern directly beneath
its orbital path.)

Near grazing incidence (corresponding to a lunar orbital
vehicle propagating a pattern at an angle which brings the
energy near the limb of the moon.)

Near horizontal propagation (corresponding to a lunar
based radar.)

Of the three modes, the first two were given priority in the
analyses.

b. Types of Propagation Effects to be Considered

A gaseous medium through which a wave propagates can in-
fluence the wave in the following ways:

Attenuate the wave - this reduction in strength may result from
absorption or from wide-angle scattering.

Bend or refract the ray - this results from gradients in the
velocity of phase propagation.

Scatter the energy - a distinction needs to be made between

wide ~angle scatter and small-angle scatter. In the latter case
the major portion of the energy continues in a dominantly forward
direction but becomes diffused to the extent that fine detail is
obliterated.

Reflect the energy - this occurs where the characteristics of
the medium change very abruptly.

11
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Cause frequency dispersion - this results from the propagation
characteristics of the medium which vary with frequency and
causes waveshape distortion.

Cause polarization rotation and wave splitting - these effects
are present only when the wave propagates in an ionized medium
contained in a magnetic field.

In addition to these medium induced effects, other effects that
fall within the scope of this investigation but are not a consequence of the
characteristics of the atmospheric medium are:

Diffraction by mountain ranges and the moon's mean curvature,

Antenna effects such as impedance changes, breakdown or corona
discharge and noise.

One major phase of this investigation is to provide estimates of
the extent to which each constituent might contribute to different macroscopic
properties of the lunar atmosphere. The other major phase is the con-
sideration of extremes to be expected for each of the propagation effects
listed above. The organization of the following analyses is in accordance
with this division of concepts.

c. Methods of Analysis
1) Macroscopic Description of Matter

The interaction of electromagnetic waves with matter involves
elementary charged particles arranged in atoms, molecules, etc., and
in some cases free electrons. On this microscopic scale the interactions
can be evaluated fully only by the concept of quantum mechanics, However,
in most situations it is appropriate to employ the classical electromagnetic
theory using the macroscopic properties of the medium; i. e., those pro-
perties which result from averaging over a large volume and/or time interval
so that the effect of a very large number of particles is obtained. This
representation is usually valid as long as the critical microscopic dimensions
(such as particle size, distance between particles, mean free path, etc.)
are much less than the critical macroscopic dimensions {(such as '""blob" size,
layer thickness, etc.). When this condition is not met, the accuracy with
which macroscopic quantities describe the actual situation becomes a matter
of conjecture. The lunar atmosphere is predicted to be rather tenuous, but
the mean distance between collisions should not inadvertently be assumed
small compared with critical macroscopic dimensions. However, even in
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many rather extreme cases it is felt that this simplified analysis will pro-
duce results which were “in-the-right-ballpark." Thus only a macroscopic
description of matter will be attempted in this report.

In the macroscopic sense, the extent to which the medium
at a point in space and time interacts with an electromagnetic wave is ex-
pressed by the properties of the medium at that point, In addition to the
dielectric constant and conductivity it is necessary to consider the absorption
and scattering coefficients of the medium. These coefficients are based on
the assumption that the wave has the character of a plane wave over small
regions of space,

Energy is lost from the wave through Joule heating (due to
conductivity of the medium), by absorption and by scattering., Thus for
many purposes the effects of these phenomena can be combined and des-
cribed by a single attenuation constant.

2) Microwave Optics (or Ray Theory)

Microwave optics gives an approximate representation of
electromagnetic waves that is easy to comprehend and digest, so it is ideal
for obtaining and presenting approximate solutions to propagation problems,
It is based on the concept that the energy in a wave is propagated along ray
paths that are everywhere perpendicular to constant phase fronts, As the

energy traverses the ray path it is diminished due to Joule heating, absorption
and scattering. The rate at which the field intensity decreases when con-

sidered as a proportionate amount per unit distance is defined as the at-
tenuation constant. The rate (radians per unit distance) at which the phase
shifts along the ray path is the phase constant. These attenuation and phase
constants are point properties of the medium as discussed in the preceeding
paragraph. In addition, the energy density increases if the flow lines (rays)
converge and decreases if they diverge.

. The concept of microwave optics does not need to be elaborated
upon here. It should be noted, however, that propagating phase fronts are

an integral part of the concept so that estimating the properties of the medium
from considerations involving plane waves is appropriate. But, this concept
is only approximate, so some of its more extreme shortcomings should be
noted.

It is readily apparent that the results predicted in the neigh-
borhood of a caustic (where neighboring rays cross) must be in error since
infinite field strengths are not plausible, but even more pertinent to the present
study is the insight gained by considering a simple diffraction example. Con-
sider the simple 2~-dimensional example in Figure IIIA-1 which shows a plane
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wave in a region containing an anoma-
lous region of thickness x along the
direction of propagation and height d
normal to this direction, where the
properties of this region differ slightly
from those of the surrounding space.
On a vertical plane just to the right of > —

this region, ray theory predicts the 57

field to be unmodified except in that

portion shadowed by the anomalous Figure IIIA-1. Diffraction Example
region where the modification would

be slight. This is a rather accurate approximation of the actual distribution.
Such a field can be equated to the sum of the unmodified plane wave plus a
portion that is zero except over an interval of height d. Further to the right,
the field becomes the primary plane wave plus a different wave diffracted -
through a hole of height d in an absorbing screen. Standard diffraction theory
describes such a diffracted field in terms of a near field region (Fresnel
region) in which the ray picture is adequate and a far field region (Fraunhofer
region) in which the energy radiates radially outward. The transition be-
tween these regions occurs in the vicinity of the distance 2d“/A from the
diffracting screen. The conclusion to be drawn from this is that the effect

of anomalous regions (in which the propagation characteristics differ only
slightly from the surrounding space) is adequately described by microwave
optics in the near field zone but not in the far field zone.
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3) Constituents Contributing to Propagation Characteristics
of a Medium

Different types of constituents in the lunar atmosphere
would be expected to influence radar propagation to varying degrees, to
have different frequency dependencies, etc., and contribute to the net
macroscopic properties of the media. The obvious types of constituents
to be considered include molecules, free charged particles (particularly
electrons) and dust or aerosols.

2. Contributions of Various Atmospheric Constituents
a. Choosing the Lunar Atmospheric Parameters

On the basis of experimental and theoretical knowledge available
in current literature (see Appendix A) a permanent lunar atmosphere is apt
to be extremely rarefied when compared to the terrestrial atmosphere,
However, this analysis was approached from the viewpoint of analyzing ex-
treme values of the various atmospheric parameters pertinent to radar
propagation calculations assigned bv various authors regardless of whether
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they pertained to the permanent atmosphere or a transitory atmosphere.
These estimated parameters were used to calculate the extreme effects of
a lunar atmosphere on radar propagation. It follows that the estimates of
atmospheric particle densities assigned here are those which are the upper
limiting values likely to be encountered. These densities would have the
greatest effect on radar propagation,

Some of the first quantitative estimates of the lunar atmospheric
density were made in the mid-1940s. At that time, measurements indi-
cated that the density was less than 10~4 earth atmospheres. 103 (Since
the terrestrial atmosp?eric density at the earth's surface is of the order of
1019 molecules percm ,sthen 107" earth atmospheres corresponds to a den-
sity of the order of 10" “ molecules per cm3). As the precision of measuring
techniques was increased in succeeding years, this estimate has been lowered
considerably until recently studies by Elsmore and others?3 indicate that the
density may be less than 1077 earth atmospheres (10° molecules per cm”). In
substantial agreement with this figure is the estirnate of Bobrovnikoff 4 He
has concluded that a permanent lunar atmosphere cannot exceed 10'12 earth
atmospheres (107molecules percm’). Greenl03 also concurs with the order
of magnitude of these estimates.

It appears that the measurement by Elsmore is the more recent,
He arrived at his figure in a study of an occultation of Crab Nebula in which
refraction (assumed to be due to a lunar atmosphere) was observed. The
amount of refraction measured corresponded to an electron density of 104 per
cm3; from this figure, he inferred that the molecular density of the lunar atmos-
phere is less than 10-13 earth atmospheres. A question as to the validity of
Elsmore's value of molecular density has been raised by Firsoff 34, he assumes
that Elsmore's value of electron density is derived from high-level (high
altitude) atmospheric effects, but it is possible that an appreciable amount
of argon may be present in the lunar atmosphere. If it is not extensively
ionized by the sun's radiation, its presence will be undetected by this method.

On the other hand, if the arguments and theory of 6pik and
Singer’ " are valid, then Firsoff's objection is overcome. Their studies
reveal that, contrary to the predictions of the classical theory of an exosphere
(see, for example, Jeans, The Dynamical Theory of Gases) even the heaviest
inert gases will not be retained by the moon, and they conclude that
", ..an independent lunar atmosphere, i.e., one that evolves from the
moon, cannot exist even if it consists of heavy gases such as krypton and
xenon. Hence, a lunar gaseous envelope is entirely determined by the
surrounding interplanetary medium.' In their study Opik and Singer showed
that photoionization can have an important effect cn the rate of loss of a lunar
atmosphere. By considering only the radiation intensity contribution of the
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solar line I—I}aI 304 they found that photoionization of the heavy gases krypton
and xenon would have the effect of increasing the loss rate beyond that
predicted by classical theory of an exosphere, i.e., even those gases (which
are heavier than argon) are eventually lost. These conclusions tend to
imply that an appreciable amount of argon cannot remain so that Firsoff's
objection does not seem to be justified.

On the basis of the above information, it appears justifiable
to assume that if a permanent lunar atmosphere exists it will not exceed
106 to 107 molecules per cm ™ ; however, the possibility cannot be over-
looked that a density as low as the quiescent interplanetary level of the
order of 10 to 102 particles per cm”™ (presumably protons and electrons) may
prevail, As already pointed out, this low density will not be considered in
the radar calculations since thig figure %s comfortably less than Elsmore's
results of 10% electrons per cm” and 10° molecules per cm™.

Even though a permanent envelope of atmosphere is apt to be
very tenuous, the gossibility cannot be neglected that local atmospheres
which exceed 10712 terrestrial atmospheres may exist in the craters and
depressions on the lunar surface.? These local atmospheres might con-
sist of "'pockets" of gas of somewhat greater density than that of the surrounding
permanent atmosphere. This phenomenon could be caused to some extent
by residual volcanic activity.=%? 103 Perhaps these local atmospheres
could be generated and even maintained by this mechanism, thus assuming
a more or less stable configuration. In conjunction with volcanic activity
it may also be possible that local atmospheres are generated by processes
such as the release of gases by cosmic-ray bombardment, vaporization of
solid materials, radioactive decay of elements, and leakage of primeval gases
trapped in rocks. 53, 65, 73 If these processes occur in areas of craters which
are continually shielded from the sun's radiation, then the liberated gases
may be cool enough to exist for long periods of time and again result in the
establishment of permanent local atmospheres. Visual observations of the
lunar surface tend to indicate that atmospheric pockets may be present. 103
They make their presence known by apparent visual surface changes but do
not seem to be very stable since some of the observed changes have been
reported to occur over a period of a few days. (For an impressive list of
these reported observations, see Reference 103},

There does not appear to be any numerical estimates of the den-
sities of these local atmospheres; thus, it may be concluded that although
their-existence is indicated to some extent, they are rather speculative.
Therefore, as an upper limiting value of atmospheric density which may
exist permanently, the value of 108 molecules per cc (arbitrarily 10 times
Bobrovnikoff's estimate) can be chosen realizing that local variations of

16



greater density in craters and depressions may exist. It is rather futile,
however, to try to estimate the magnitudes of these variations.

If each of these.molecules were singularly ionized, an electron
density of 10°per cm™ would result. Howeyer, this is not realistic
in view of Elsmore's result of 10 percm~,i. e., the electron density
is not greater than this amount. Evans™" concurs with this figure but
Wachholder and Fayer’ are of the opinion that electron densjties in the
vicinity of the moon may reach the values 106 or 10 per cm~. Most of
the estimates available seem to be lower than the latter value; however,
for purposes of radar propagation calculations, the figure of 10’ electrons
per cm” will be assumed and considered a liberal upper limit estimate.
In view of the many lower estimates, this value may prevail only during
periods of strong solar activity.

Having chosen upper limit values of molecular and electron
densities (108 and 10 per cm”, respectively) it is necessary to estimate
the gas temperature. This is done by considering the extreme surface
temperature variations which have been estimated for the night and day
sides of the moon. These estimates are 90°K on the night side and 400°K
on the day side. 1, 14, 50, 106 Of course, the gas temperature above the
surface may be considerably greater than the surface temperature, e.g.,
the terrestrial exosphere has a temperature of about 1500°K. However,
for the assumed lunar atmosphere a very large variation in the upper limiting
temperature can be tolerated without appreciably affecting the maximum
electron collision frequency values to be expected. In this case, the maximum
collision frequency values are determined by the low rather than the high
temperaturgs. This is because the density of neutral molecules is less than
108 per cm”~ and, assuming space-charge neutrality of the lunar plasma, the
collision frequency is determined primarily by electron-ion (coulomb) inter-
action. Therefore, it will be assumed that the lowest gas temperature likely
to be encountered is that of the nighttime surface value, i.e., 90°K, If
under this condition, the electrons tend to recombine with ions or become
attached to neutral molecules, the ionic absorption of the plasma will be
less than that which is calculated.

b. Estimation of Electron Collision Frequencies

In the calculation of ionic absorption of radar frequency waves
in a plasma, it is the electrons rather than the ions which have the dominant
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role as current carriers, since the mobility of the electton is much

greater due to their relatively small mass. The heavier ions and neutral
molecules come into play primarily as collision partners. The electron
collision frequency (V) has a contribution from collisions with neutral
molecules (Vo ), and a contribution from collisions with ions (Vg;). The
contribution due to electron-electron interaction is assumed to be negligible
and space change neutrality is assumed to prevail,

To a first order of approximation, the collision frequency of
electrons with neutral molecules is given by
ke
1 61

4 2, ,8KT,2
Yen =3 2 (190 ) )

where

[P

Q

A
in

= number density of neutral molecuies
= kinetic cross section

Boltzmann's constant

electron mass

= absolute temperature

HE

Kinetic cross section is somewhat dependent upon temperature, usually tending
to increase with decreasing temperature; however, it is still of the order of
10"1 cm” for most gases. For present purposes, it is sufficient to take

(102) = 4mx10” 16 cm?,

so that expression (1) becomes
~ "'9
Ven =10 nn'J T (2)

where n and T have units of cm ™3 and de grees K respectively, and T is
understood to refer to the electrons and neutral molecules.

The collision frequency of electrons with positive ions is, to a
first order of approximation, given by

61

e n KT 2
v, =:;- - z T log, |1 +3 43 (—Z-) $ (3)
el NT e ’Jne

(Zﬂmek3T)2

* Reference Number



L e e TR e T e T s |

-

where

e = electronic charge

n = number density of electrons (= density of positive ions},
and the Debyee distance is taken to be the characteristic distance between
neighboring particles (see Equation 17 of Reference 61). If the universal
constants in expression (3) are inserted, the result is

n 3

1.82 -13- log_ 1. 4x108 :—

> e

114

V.
ei

(4)
T

. -3 .
where the units of n, and T are cm ~ and degrees K respectively, and the
temperature of electrons and ions are assumed equal.

The collision frequencies V,  and V,; are plotted versus particle
density for various temperatures in Figure IIIA-2, Inspection of the curves
reveals that the contribution of neutral particles to the total collision fre-
quency (¥ = Von 1 Vei) is negligible. Thus, it can be assumed that V = Vi
It follows that the greatest value of V is obtained for the lowest temperature
which, in this analysis, is 90°K. This may be unrealistic if on the cold
side of the moon (where this temperature supposedly prevails) the electrons
undergo recombination and attachment to a considerable degree. This would
lower the electron density and result in a lower collision frequency. The
value of V = Vei from the curves for T = 90°K is (assuming an electron con-

centration of 107 per cm3) approximately 3. 4x105 sec_l. This value will
be used in estimating the ionic absorption of the lunar plasma realizing
that the actual collision frequency could be much lower.

c. Estimation of Attenuation Due to Ionic Absorption

The degree of anisotropy of the lunar atmosphere is determined
by the magnetic field that may be present. Some Russian estimates range
from 50 to 100 gamma 92 (5x10-4 to 10-3 gauss.) (The terrestrial magnetic
field varies between 0.6 and 0.3 gauss at the surface of the earth.) There
does not seem to be definite evidence, however, that the moon possesses a
permanent magnetic field. 38 According to Geer~~, the lunar magnetic field
is probably not larger than a few thousand gamma. In view of certain studies
(References 62 and 73) this last estimate seems excessively liberal; how-
ever, for the maximum effect of a magnetic field on radar propagation a
value of 3000 gamma was assumed.

To calculate ionic absorption, the standard formula for the
propagation constant will be used, i.e., if the waves propagate according
to elkx, then k2 is given by
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k = (-C—) 1+ " , (5)
a+ipf+j-v 6N 4 2, 2
T Y. 6 +Y
T L
where
2
w 2 Vo n e
a=- g 'B =("_2—)’ wp:e m
p w e
p
W
'YT='}’sin9, '}/Lz)’cos@, 'y;—.wz
p
-1
6 =3 +atif .
w = radian frequency of impressed field, rad/sec
wp = plasma frequency, rad/sec
wg = electron gyro frequency eB » rad/sec
el
B = magnetic field strength - weber per meter in RMKS units
@ = angle between magnetic field and direction of propagation.

The plasma frequency is (for n, = 107 electrons cm'3)

wp -’-‘—11.8x108 rad/sec (=29 mc/s)

and the gyro frequency is (for 3000 ¥)

o %0.6xl-06 rad/sec (< 0.1 mc/s).

The real part of k (Equation 5)is the phase constant in radians per unit
length, and the imaginary part of k is the attenuation in nepers per unit
length. These quantities depend upon 0 (the direction of propagation with
respect to the magnetic field) in a very complicated way. However, for

w >> wB' the term
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T 6
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in Equation (5) becomes quite small compared to Ia + 1 Bl . Therefore, for the
frequencies of interest (f > 100 mc/s), we can neglect this term without appreci-
able error, with the result that k& is given approximately by

2~w2 1
ko= Q) 3”'&?@;
o~ —P 1. B2
=) [ 2 2] ) (6)
w +V V +w

-1

Further, since the maximum estimated collision frequency is 3. 4x105 sec ,

then w >>V, and it follows that, without appreciable error,

w 2
~ 9 1 p .
R, (k] = < ji- E(T) radians/meter (7a)
w
v (_p_)z
o~ W l] w w
L [x] = - \3 l(wp 2. nepers/meter (7o)
-3l

The quantity Im[k] is plotted in Figure IIIA-3 in units of db per kilometer

and the phase constant is plotted in units of radians per kilometer, It is
evident from expression (7a) that the phase constant will differ from its

free space value by less than about 0,08 per cent for frequencies above 1 kmc;
the attenuation due to ionic absorption decreases with increasing frequency

1
as (;), being less than 0.1 db per kilometer for frequencies above a few
hundred megacycles.

d. Estimation of Attenuation Due to Molecular Resonant Absorption

Besides ionic absorption of the lunar plasma in the microwave
spectrum, it is possible that sufficient quantities of atmospheric gases are
present to give appreciable absorption due to molecular rotation (resonant
absorption), In order to estimate this quantity, it is necessary to know
the types and relative amounts of constituent gases likely to be present.
However, at present these questions cannot be answered. The best that
can be done in this respect is to consider the effects (insofar as possible)
of the gases which some researchers postulate to be present in the lunar
atmosphere. These gases include, (see References 48 and 73):
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Radon

Krypton

Xenon

Argon

Neon

Helium

Water Vapor
Mercury Vapor
Sulfur Dioxide
Carbon Dioxide

The absorption spectra of the inert gases radon, krypton, xenon, argon,
neon and helium, and also mercury vapor are very weak in the microwave
spectrum; their effect is exIpected to be appreciable only in the ultra-
violet range and beyond. 1 Therefore, they are not considered here.

This leaves only water vapor, sulfur dioxide, and carbon dioxide as possible

absorbers at radar frequencies. Calculated data are available on water
vapor and sulfur dioxide in Reference 36. *

In Reference 36, the absorption coefficients are calculated for
the conditions T = 300°K, P (pressure) = 1 mm Hg and the half widths of
the absorption lines are assumed to be (at half maximum intensity)

14 mc/s for water vapor, and 25 mc/s for sulfur dioxide. In order to
adjust these data to lunar atmospheric conditions, the following procedure
has been employed.

At resonance, the peak absorption is given approximately
by the expression

47l thVpZ Vc3> 85
14 = nepers/cm (8)
max 3¢ (kT)2 A v
where
.h = Planck's constant = 6. 24x10-27: erg-second
N = molecular density, cm

* Presently, no data has been obtained for carbon dioxide absorption
of microwave frequencies.
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fv = fractional number of molecules in a particular vibrational
state
B = molecular dipole moment in Debye units, or 10"18 esu
1
c = speed of light in vacuum = 3x10 0 cm/ second
k = Boltzmann's constant = 1, 38x10.'16 erg/°K
T = absolute temperature, degrees K,
YV, = center frequency of absorption line, cycles per second, and
AV = line breadth parameter in cycles per second

Equation (8) suggests that ¥,,,, for various conditions can be
estimated, i.e., various values of T, AV and N if calculated values of ¥
are available for some fixed conditions. For example, let the left-hand
side of Equation (8) be known and denoted by Yo for conditions T o (AV)
and N . Then to a certain degree of approximation it can be assumed that
')/max (denoted by '}'1) for some other conditions, Tl’ (A l/)1 and N1 is
given by

2
N T (Av)
1 o o
Y = ] [ '}’] (9)
! [T? (Av)1 No °

Since the fixed conditions for the tabulated values of ¥ are known, i.e.,

T = 300°K, Ny = 3. 22x1010 molecules per cm” (this 8orresponds to 1 mm
H_ pressure), (AV), = 14 mc/s and 25 mc/s for water vapor and sulfur
dioxide, respectively, then it remains to choose values for Nj, T;, and
(Av)1 corresponding to lunar atmospheric conditions.

max

The relative amounts of the gases, water vapor and sulfur dioxide,
which are likely to be present in the lunar atmosphere are not known. Thus,
it will be assumed that N; = 10° molecules per cm3; this will provide a
maximum absorption since it corresponds to the assumption that all of the
atmosphere is water vapor or it is all sulfur dioxide, T; will be taken as
273°K. Thisisan arbitrarychoice, however, for uniformity the present
calculations are based on a temperature T} = 273°K for both gases, The
lunar a'tmospheric pressure is extremely low, i.e., at 273K,

P = NkT =(108cm'3)(1.38x10'16-'i—’;(5—)(273°K)
EZ.leO“9 mm Hg.;

at 1000°K
P =108 mm Hg.
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At this lowpressure water vapor and sulfur dioxide may exist in the gaseous
state at Eemperatures well below 273°K. This can be taken into account by
multiplyfngthe calculated values corresponding to 273°K by an appropriate
factor.

Because the pressure is extremely low, the line breadth parameter
(AV), is assumed to be due only to Doppler broadening since pressure
broadenimgis expected to be negligible. The line breadth parameter in

this instaance is given by
85

(a v), = 3.6x10"" [T v_, cps (10)
VM

where M isthe molecular weight of the gas. Equation’(9) can now be
rewrittera (inserting the values of T No’ (AV)y, Nj, Ty and (AV)I) as -

103 (300)2(A Vo)
7 = > - . 16 ')’o » nepers/cm,
(273)7(3.6x10" 273 )Vo 3.22x10
M
2 AVo
= 6. 31x10 " “NM ( v ) Vs
for water- vapor M = 18, AVO = 14 mc/s,
and
¥ 10 , 7%
lig o =3.3x100° (5 db/km; (11a)
2 o) HZO !

for sulfux dioscide, M = 64, (Av)o = 25 mc/s,
and

11 ,7%
¥ = 1L1x100 () db/km, (11b)

S()2 o SO2

i

where 7y is the absorption coefficient in units of nepe.rs per cm at the frequency
V incyclesper second. Thus, for example, the first absorption line for
water vaportabulated in Reference 36 occurs at approximately 23, 400 mc/s
and the co rresponding absorption coefficient is 9,0x10™~ nepers per cm. For
the assum edlunar conditions Equation (1la) gives

-5
(7) = (3. 3x101°)(—2"—1°———6—)
H.0 23,400x10
l/o ¥ 23,400 mc/s

1.3x10"% db/km,

2
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which serves to illustrate the procedure for calculating the envelopes of
absorption in Figure II1A-4,

The graphs of Figure IIIA-4 were constructed by making
"spot! calculations, using Equations (1la)and (11b), of the more intense
spectral lines of water vapor and sulfur dioxide. This meansthat fora given
resonant frequency the absorption coefficient at that frequency will fall on
or below the curve of Figure IIIA-4 for that particular gas.

These curves may be somewhat misleading at first inspection
since they tend to give the impression that there is a continuous band of
absorbing frequencies. This is not the case. For the water vapor absorption
lines, the first two (at the lower frequencies) tabulated in Reference 36 are
clearly labeled in Figure IIIA-4, These are the lines 23,382.5 mc/s and
184, 362, 2 mc/s, which are rather widely spaced. Their full widths may be
calculated from Equation (10); these widths are 0.066 mc/s at ¥_ = 23, 382,.5 mc/s
and 0,51 mc/s at 184, 362.2 mc/s. These widths are extremely small com-
pared to their center frequencies. The remaining lines tabulated in Reference
36, of which there are 586, lie in the frequency interval 323, 158.5 mc/s to
29,502, 455.0 mc/s. Since there are so many ofthese lines, only the maximum
absorption envelope has been plotted in Figure IIIA-4, The average density of
lines in this interval is given approximately by 2x10°° lines/mc/s, and the
average full width of these lines can be estimated by taking the average widths
of highest and lowest frequency lines in this interval, Thus, at 323, 158.5 mc/s
the full width is 0,90 mc/s and at 29,502, 455. 0 mc/s the full width is 83 mc/s,
so that the average width is approximately 42 mc/s. Since there are 586
lines, then

(586)(42) = 2.46x104 mc/s gives the total frequency band
for which absorption is appreciable. Finally, the bandwidth of the interval in
question is 29,502, 455.0 mc/s minus 323,158.5 mc/s, or, 29,179,296.5 mc/s,
so that the percentage of this total band width over which absorption is ex-
pected to be appreciable is only about
2, 46x104
29,179,296.5 )

( = 8.4%

For sulfur dioxide, the first line tabulated in Reference 36 occurs
at 677.82 mc/s; the remaining lines occur in the interval 12, 258,17 mc/s to
1, 339,383.13 mc/s, there being 202 lines in this interval. The average
line density in this interval is approximately 1, 52x10~4 lines/mc/s. The
average full width of the lines is approximately 1 mc/s, so that the per-
centage of the total bandwidth over which absorption is expected to be
appreciable is approximately 0.015 per cent.
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The curves of Figure IIIA-4 can be adjusted for a change in
temperature by multiplying the ordinates by the appropriate factor.
From Equations (9) and (10) it is evident that the maximum absorption

5/

-5/2
at resonance varies as T . Thus, for a temperature of ZOOOK, the

ordinates of Figure IIIA-4 should be multiplied by the factor

5
273 /2

(—Za)-) = 2,17

This increases the absorptiony however, it also decreases the line width

(see Equation 10). Since the line widths are extremely narrow even at

2739K, it is expected that lowering the temperature will not noticeably change
the situation, for if resonant absorption of radar waves is negligible (due to
the narrowness of the absorption lines) at 273°K, then it is also negligible at
lower temperatures, Further, it has been necessary to assume that the
entire lunar atmosphere is composed of either water vapor or sulfur dioxide.
If this is not the case, i.e., if the quantities of the se gases make up only a
fractional part of the atmosphere, then the absorption coefficients will be
lowered by a factor corresponding to the fractional amounts. (The absorption
is proportional to the number density of the absorbing particles).

The attenuation due to ionic absorption of Figure IIIA-3 has been
sketched on the graph of Figure IIIA-4 for purposes of comparison. The com-
parison indicates that at frequencies somewhat above 10 kmc/s molecular
resonant absorption is expected to be the dominant factor in the attenuation
of radar waves, Again, it must be recalled that maximum molecular den-
sities (10 cm ™ ~”) were used in calculating the resonant absorption curves
and for this reason the absorption may be too high. Even more important,
however, is the narrowness of the line widths. As already mentioned,
the line widths are so small that the attenuation due to molecular resonant
absorption may be completely negligible compared to that due to ionic
absorption.

The attenuation due to nonresonant absorption of the lunar atmos-
phere will be negligible compared to ionic and molecular resonant ab-
sorption under the assumed conditions.

e, Dust Clouds

In the event that clouds of dust may appear from time to time due
to volcanic activity, meteor impact, or other phenomena, these clouds would
represent changes in refractive index and affect radar propagation to some
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extent, One possible effect is reflections from these clouds. From an
elementary viewpoint, the degree of this effect depends primarily upon
the mass concentration of the cloud and upon the refractive index of the
dust material. The mass concentration or quantity of mass per unit
volume of a '"typical cloud' cannot be estimated. If a mass concentration
is assumed and dielectric constants of some materials likely to be present
on the lunar surface considered, an estimate of reflections can be ob-
tained.

The type of material which makes up the lunar surface is not
definitely known, Some of the substances which are thought to have a
fairly high probability of occurrence are given in Reference 11. Of these
substances, the one having the highest dielectric constant is basalt; de-
pending upon comp051t1on, its dielectric constant ranges from 5 €  to some-
what legs than 306 “{Density varies from approximately two to three grams
per cm™.)

An expression which is applicable for the refractive index changes
due to the presence of aerosols is

n% -1 18
1 c

N=l.5(—7——) 5 (12)
n1+2

where N is the difference between the refractive index of the aerosol and that
of the medium, expressed in N units, In this case, the medium is the lunar
atmosphere {or N = An x 10~), c is the mass concentration of the suspension
inp gm/cm”, n, is the refractive index of the suspended substance, and P is
the mass density of the suspended substance in gm/cm?~,

At radar frequencies above a few kilomegacycles per second,
it is expected that the dielectric constants of these substances will differ
from the optical values by a small amount. Since the optical value is in the
approximate range 1to10 €, (this is the case for most known minerals¥)
and since frequencies greater than 100 mc are to be considered, the effective
dielectric constant may be somewhat greater than optical values, but will
probably be less than 30 € ., Thus, it was assumed that some typical values
of dielectric constant for lunar materials at radar frequencies would be 1.5,
3, 5, and 10 €,. Since the mass density of a typical substance is in the
ran3ge 2to 3 gm/cm”, an average value would be approximately 2.5 gm/
cm”, If these values are substituted into Equation (12) the results are

These are low frequency (1000 cps) values obtained from Reference 11.
** See, for example, Reference 49,
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61 = 1,5¢ nZ = 1.5 N = 0.086c
o 1

el=3£ n2=3 N = 0.24c
o 1

€1=5€ n2=5 N = 0.40c¢
o 1

El = 10 € n2 = 10 N = 0.45c¢
o 1

These curves are plotted in Figure IIIA-5,

It should be noted that Equation (12) is independent of particle
size, however, the validity of this formula for a wide range of particle sizes
is uncertain, Good experimental agreement is obtained for particles ranging

from a fraction of a micron to a few microns in size, substance densities ranging

from 1.032 to 7.81 gm/cm3, refractive indices ranging from 1.486 to
infinity, and for mass concentrations ranging from 2 to 50 micrograms per
cm”, 18 It appears that the formula is applicable here if the dust particle
sizes do not lie too far out of the range indicated above. It might also give
good agreement for particle sizes which are less than a wave length but
greater than a few microns.

A "typical' lunar dust cloud may not be confined enough (due
to low gravitational attraction and vacuum conditions) to yield an appreci-
able change in refractive index over a distance less than a radar wavelength
(which is normally required for good reflection). Nevertheless, there may
be some value in attempting to estimate a reflection coefficient which will
give a measure {although somewhat crude) of radar reflections to be ex-
pected. To do this the reflection coefficient is taken at normal incidence for
a plane wave entering medium D (the dust cloud) from medium A (the lunar
atmosphere). The reflection coefficient (radio of incident electric intensity
to reflected electric intensity) is given by

68
Ne | - ~Ne n, -n
Ipl A D |.A_D (13)

- - n, +n
'\]eA+'\ED A D

where €., €,, n_, and n, are the dielectric constants and refractive indices
respectively, of media D'and A. N of Equation (12) is, in terms of np and
n

A’
= Nx107°
nD - l’lA = X s
so that
-6 €
p - Nx10 —~ . n, = eA (14)
2n, + Nx10 o

A
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where € is the free-space dielectric constant. Thus, knowing the mass
concentration, C, of the dust cloud and the refractive index of the lunar
atmosphere, Equations (12) and (14) can be used to estimate the reflection
coefficient. Forn, =1, it is justified to assume, since the lunar atmos-
phere is extremely rarefied, that

N -6 -6
| p | = —x 10 » my>> Nxl0™" , from Equation (14)

s0 that |p I ig likely to be very small for variations in N of a few N-units,
ine., Nx10°<<1, ‘

Another effect of density contrasts in radar propagation is
bending of the rays as they pass from medium A to medium D,

Reflected Ray.

(Lunar Atmosphere)

B ANUANUANT NN\ NN\ N
(D) \ (Dust Cloud)

\
AN

6t v{rjansmitted Ray 576
Figure IIIA-6. Ray Bending

The relationship between the incident ray direction and the transmitted
ray direction (see Figure IIIA-6) is

AT Y (15)
s1n9i GD ny

sin 6
in 8

where it is assumed that the dust cloud has a uniform density and its edge

can be treated as an interface between media A and D, Sincen_ - n
%% D~ A
= Nx10™ ", then
‘n
-;f*— =1-N 107® ,
D Ba
and Equation (15) becomes
sin
t -
— =1- N 41070 (16)
sin 8, N

It is expected that n >>Nx10-6 so that by setting 91: = 9i - A8, Equation (16)
is approximated by



A= (tan 8.) N x 10-6, for a small A8, (17
SN

i.e., for AB = sin AB.

Although we cannot estimate the mass concentration of a
typical lunar dust cloud, it is interesting to assume a value of C (mass
concentration) and calculate the reflection coefficient from Equation (14)
and the change in ray angle from Equation (17). Thus, it is assumed that,
for purposes of calculation, C = 50  gm/cm”. (If the particles are sgheres
nominally 10 microns in diameter and the mass density is 2.5 gm/cm” this
gives a number concentration of approximately 5 x 10~ dust particles per
cm3). If a dielectric constant for the dust material of 3 60 is assumed then
the graph in Figure IIIA-5 gives an N value of 12 for C = 50 g gm/cm™. Since
it is expected that np (the refractive index of the lunar atmosphere) will be
such that ny =1, then Equation (14) gives

~ -6

|p||= 6 x 10 (18a)
61 = 3¢, X
C = 50 pgm/cm

and Equation (17) gives

Afl= 12 x 10'6 tan 91 radians (18b)
61 = 3 GO
C = 50p gm/cm3

These results are not particularly meaningful except that they indicate the
order of magnitude of the effect of dust clouds on the reflection coefficient
at normal incidence and the amount of bending at a plane interface. In-
spection of Equations (14) and (17) reveal that both of these quantities are
directly proportional to the mass concentrations of the dust clouds and

are more or less independent of dust particle size for wavelengths much
greater than the particle size.

The presence of dust clouds can also have the effect of attenuating
radar waves by means of scattering and absorption. Again, the magnitude of
this effect depends upon the dust cloud densities, for which estimates are not
available.

This type of problem is usually approached by assuming that the
scattering particles are imperfect dizlectric (having ohmic loss) spheres.
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The values of the complex dielectric constant at the frequencies for which
calculations are to be made must be known., Finally, the dust particle size
must be known, because the wavelength to particle diameter ratio is a
critical parameter if this ratio should prove to be near unity. Thus, not
only must the cloud densities be known, but particle sizes and the complex
dielectric constant of the scattering particles must also be known. This
problem is much more complicated than estimated refractive index changes
considered in previous paragraphs.

The estimation of a "typical'' complex dielectric constant must
be somewhat arbitrary. The tables of Reference 11 were scanned in an
effort to choose this parameter. This reference has tables of approximately
35 minerals and their electrical properties which are thought to be rep-
resentative of lunar surface materials, The tabulated complex dielectric
constants have a wide range of values, e.g., Quartz € = 4,84 €, (1 - j 0,008)
farad/m at 1000 cps, and Basalt (New Jersey) € =26.7 €, (1 - j 0.444)
farad/m at 1000 cps. A choice of €= 26,7 €, (1 - j0.444) was made for
purposes of calculation because it has the highest loss tangent (0, 444) of all
the values tabulated. This gives the highest ohmic loss in the scattering
particles and, therefore, the greatest attenuation, Thus, if the lunar
materials have loss tangents less than 0.444 at 1000 cps, then the cal-
culated attenuation will be higher than the actual case. If there are lunar
materials which have loss tangents greater than this value, the calculated
attenuation will obviously be too low,

The authors of Reference 11 have analyzed radio and optical
data of the lunar surface and concluded that the range of particle size likely
to prevail on the moon is probably 10 to 300 microns. In Reference 106 the
lower end of the estimated range extends to 1 micron. On the basis of
these estimates, calculations were made for particle sizes of 1, 10, and
100 microns to determine the maximum attenuation and variation of attenu-
ation with particle size.

Attenuation is calculated using the following formula from
Reference 54:

2 3 2 3
A T
r _ 434 ) 2 a) [Cl + <, E27Ta.) + C, EZ’Il'a,) » p <<1 (19)
n 27 A A A
where 27a
p =5,
a = radius of scattering particle, cm
A = free space wavelength of incident radiation, cm
v = attenuation, db/km
n = scattering particle concentration, m"
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and the coefficients Cps Coo and Cy are given by
6¢€
2
1T (e, + 2)2 + e?‘ ’ (2021
1 2
2 2
62 3(7€1+ 461 ~20 + 762) 25
€2 * 715 2 21z} 2 5 1 (. (200)
[(el+2) +62] (2€1+3) +4€2
2 2 2 4
(e, - D, + 27 + e [2le) - e, + 2)-9] +e
4 1 1 2 1 1 2
€3 ¥ 3 2 27 2 » (20c)
|_—(e1 +2)° + ez]

where the complex dielectric constant €C is given by

€. = el -ie,, (dimensionless) (204)

and is the value relative to free space. The choice of a complex dielectric
constant from Reference 11 corresponds to

26.7 at 1000 cps
0.444 (26.7) = 11.85 at 1000 cps.

€

€2

The dimensionless complex dielectric constant can be written as

. Y
€, =€, (1-igr) (21)

(o4 We €
o

where O is the conductivity, ® is the impressed radiation frequency, and

€ . is the relative (real) dielectric constant as compared to the free space
value of unity. As the frequency increases, €,will tend toward its optical
value, However, to simplify calculations it will be assumed that €, remains
constant for all frequencies and may be given by its low frequency value of
26.7. This assumption will not significantly affect the results in present con-
text,

The attenuation per unit particle density is plotted in Figure IIIA-7
with dust particle diameter as a parameter. Evidently, if the particle
diameter is increased by a factor of 10, the attenuation (for the same
particle concentration) is increased by a factor of 103, The formula of

m
Equation (19) is not valid for (Z—a) 2 0.1; therefore, the attenuation does
not continue to increase indefinitely for high frequencies as the curves of

. . m
Figure IIIA-7 imply. The value at which _Z_X_a; = 0.1 is indicated on each

curve.
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By way of summary of this section it can be stated that the
quantitative effects of dust clouds on radar propagation in the lunar
atmosphere must remain indefinite until it is possible to make reasonable
estimates of dust particle concentrations. What constitutes a reasonable
estimate will depend upon the particular set of conditions., However, for a
given set of conditions (i.e., known dust concentration, particle size, etc.)
a prediction can be made as to the amount of reflection, ray bending and
attenuation that is likely to prevail,

3. Estimation of the Various Propagation Effects

a, Attenuation

Neglecting for the moment the variations in the strength of the
wave associated with the convergence or divergence of the ray paths, a
wave is attenuated due to absorption and scattering by the various con-
stituents of the medium. For purposes of this investigation these influences
can be taken to be basically independent and additive. That is, attenuations
of gas, free electrons and dust are estimated separately and then added
together. The attenuation due to free electrons is dependent upon the density
of neutral molecules and ions, because collisions play a critical role. The
absorption by one type of gas molecule, however, will be essentially inde -
pendent of the other concentrations since at the pressures expected, doppler
effect (as opposed to pressure) is visnalized as the dominant contributor
to line broadening.

For a rather extreme choice of lunar atmospheric pro-
perties, except possibly local atrnospheres, the estimated attenuation
due to the free electron concentration is plotted versus frequency in Figure

IITA-3, The attenuation varies inversely as the square of the frequency
and has a value near 0.005 db/km at 1.0 kmc/s,

Figure IIIA-4 indicates that molecular absorption will not be
significant except possibly at resonant lines for water vapor in the frequency
range above 300 kmc/s. Recalling that the values indicated in this figure
are based on a molecule density of 108 cm~3 (corre sponding to all the mole-
cules in a maximum density situation being water vapor molecules) and that
the resonant absorption lines are very narrow (occupying a small fraction
of the frequency interval), the case for which molecular absorption would
be important is extreme.

Attenuation values for New Jersey basalt dust particles having
diameters of 1, 10 and 100 microns are plotted in Figure IIIA-7. Most
types of lunar dust would be expected to have values well below those shown,
An estimate of reasonable particle densities has not been ascertained, but
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only dense dust storms would be expected to create severe attenuation.

The general conclusion is that the normal lunar atmosphere would
not significantly attenuate radar waves except possibly below 700 mc/s if
assumed plasma conditions exist. This conclusion might not be justified in
local atmospheres or dust clouds for which density estimates have not been
attempted.

b. Refraction

The basic formula governing the path taken by a ray can be ex-
pressed as

— 1 b d —
R C = o Px Vn _

in which C is the vector curvature, n is the refractive index and p is a unit
vector in the ray direction (direction of propagation). Here the refractive
index is taken to be real. If a camplex refractive index is considered, the

n in this section should be taken as the real part. The curvature of a line

is defined as the reciprocal of the radius of curvature and becomes a vector
when associated with the axis of rotation, the right-hand rule giving the sense,.
Anticipating cases for which the refractive index differs only slightly from
unity, the 1/n factor shall be omitted.

Restricting our attention to cases for which the ray deviates
only slightly from a straight path, p may be taken to be constant. Then.
the total bending of the ray between £ (distance along the path) = 0 and r is

> r-> T — -
O =f cCa =/ (px Vn)ar
(o] (o}

and the lateral deviation of the ray from the straight pathatf =R is
> R'-» — R r - - - R r -
D = ( _L 0 dryxp = fo fo (px Vnxp) didr = fo fo Yn Adr

in which Vn, is the portion of Vn perpendicular to the ray path.

-

For the case in which V n is constant along the path then

(p x Vn) R and

Ol o

= 2

Note that appreciable refraction results for reasonable values of Vn only
if the ray path remains in the region of the gradient for a considerable dis-
tance. This seems likely only for horizontal stratification and nearly
horizontal rays.
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The problem remains of estimating extreme values of the
gradient of refractive index for the lunar atmosphere. Since the density
of the normal lunar atmosphere appears to be at least a factor of 10" 1ess
than on the earth and the earth's total refractive index variation occurs in
ranges of 10”7, the net deviation of the lunar atmospheric refractive index
from unity due to neutral gas molecules would not be expected to exceed
107*°, If this is true, density contrasts could not cause significant re-
fractive index gradients,

For the conditions assumed and a frequency of 1 kmc/s, a
value of {1 - n) = 8(10)'4 = 800 N-units would be expected due to the plasma
which varies according to £=2, A gradient of one N-unit per meter would
produce a net refraction of 102 radians for a 10 km path., This does not
seem entirely unreasonable for frequencies of 1 kmc/s and below. The de-
creasing electron density with height as expected above the lunar surface
would produce an upward curvature.

Some information on the contribution to the phase factor by
dust particles is given in Section IIIAe, However, uncertainties in particle
size, composition, density gradients, etc., make any estimate at this time
pure speculation.

c. Scattering

The principle effect of scattering energy out of the main beam is
to attenuate the main wave. This effect is included in the attenuation values
given for dust particles, free electrons, and molecules. The attenuation
values for the latter two have been shown to be quite small in a homo-
geneous region, but if the medium has a random, turbulent or 'bloby"
character, the variations of the macroscopic parameters will cause energy
to be scattered over wide angles, providing the scale of the variations is
less than a wavelength. On the basis of the total values of refractive index
indicated in the previous section, a very small amount of energy would
be lost from the main beam for anything close to the expected spatial
variations (except possibly for dust clouds), but even though the percentage
of the energy scattered is quite small, it may be noticeable on a sensitive
radar,

. On page 17, it is indicated that an electron density of 107
per cm3, though unlikely, remains a possibility. This is in the same order
of magnitude as the earth's ionosphere. F-layer backscatter is sometimes
recorded on ionograms for frequencies up to a few tens of mc/s, Whether
turbulence in the moon's ionosphere is analogous to that which prevails in the
earth's ionosphere is uncertain. However, an ionospheric contribution to
the refractive index decreases with the inverse square of frequency and the
backscattering coefficient involves an additional falloff as the ratio of the
wavelength to mean '"blob' size decreases. Therefore, it does not seem
possible for free electrons to contribute a measurable backscattering above
a few hundred mc/s in the lunar atmosphere.
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If the scale of the refractive index variation is large over the
distance of a wavelength, a major portion of the scattered energy continues
in a dominantly forward direction. Thus the general strength of the wave is
not greatly affected, but the energy is diffused to the extent that it tends to
obliterate fine detail,

The mean-square phase variations of a wave can be approximately
expressed as

—— 27

¥ = 50 An® L R/ radians®
In this, Anz is the mean square value of tae refractive index variations, L
is a typical scale length for the refractive index, R is the radar range (in
the turbulent region) and A is the wavelength. It is assumed that L <<R,

Usi_n_gzthis approach it is estimated that detail is lost if ‘I‘z > 1,
in which case Ané would be > A®/50 LR, Since for an ionized medium the
refractive index deviation varies as A", this effect would be expected to in-
crease with increasing A. This indicates that very small deviations in n
would produce appreciable effects, as is the case of star scintillation, How-
ever, to have any real effect, the scatter pattern of the anomalous '"blobs'" must
be greater than the angle over which energy is received (restricted either by
the receiving antenna pattern or the source size). (For this reason the larger
planets exhibit little scintillation). The scatter-beam width is crudely A/L
radians, L being the '""blob'" diameter. Thus only ""blobs'" whose diameters are
less than the wavelength divided by the angle over which energy is received,
will contribute strongly to this type of distortion (unless the larger '"blobs'" are
very strong).

It is difficult to draw a final conclusion as to the actual effects of
refractive index variations in the lunar atmosphere, but a significant effect
on radar propagation would appear unlikely.

d. Reflection
On page 31, it is indicated that

|p| % An/2n ® An/2

in which An is the change in refractive index at a boundary, n is taken to be
near unity and P is the reflection coefficient for normal incidence,

When gases are involved, boundaries are not usually abrupt, but
the above formula is valid only if the change in refractive index occurs in a
distance less than a wavelength. Also, interfaces are not generally a plane,
but the validity of the above expression in this respect is preserved only
when an interface does not deviate by a half-wavelength in the first Fresnel
zone,
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It does not seem likely that boundaries for which the gradient
in electron density, gases, etc., meet the above requirements will occur
very often, but there is a possibility that the temperature gradient near
the lunar surface might provide some troublesome reflections.

e. Frequency Dispersion

Frequency dispersion results when the velocity of phase pro-
pagation (or attenuation) is principally a function of frequency. If a pulse
is transmitted (thus containing a wide range of frequencies) through such a
medium, its shape will be distorted. This will certainly result in some
smearing of range resolution. Selective absorption occurs to some degree
in the postulated lunar atmosphere as pointed out previously. Therefore,
this type of degradation cannot be ignored.

f. Faraday Rotation and Wave Splitting

A magnetic field in a plasma produces a bi-refringent medium.
The effects on a plane wave entering the region can best be described in terms
of two initially circularly polarized waves with opposite rotation. These two
component waves propagate with slightly different phase velocities and
attenuation rates. If the effective refractive index differs only slightly from
its free space value, the main effect is a rotation of the plane of polarization
as the wave travels through the magneto-ionic region. If the transmission
occurs between linearly polarized antennas, this rotation of polarization may
result in the wave and the receiving antenna polarizations being at quadrature
so that very little energy enters the receiver. This would not particularly
affect circularly polarized waves nor the reception from a large number of
linear antennas with random polarizations. This last situation is a moderate
representation of back-scattering from a rough surface where the angle of
incidence is not normal. Faraday rotations resulting from reflections from a
smooth surface, however, might be important in certain situations.

On page 21, it is noted that the gyromagnetic frequency for
electrons in the vicinity of the moon would not exceed 0.1 mc/s. Thus it
is permissable to assume this frequency is much lower than the frequency
of the impressed field. For this condition the rotation of the plane of
polarization, £, can be expressed by 3

R

~-e
J, BN, dr

2
20om Coeo

in which e and m = electronic charge and mass, w is the impressed angular
frequency, C_ = the velocity of wave propagation in free spa?ce, €, is tl}e per-
mittivity of free space, B 1 is the component of the magnetic flux density
along the path of propagation and Ne is the electron density.
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3 Taking Bjj to equal 3000 gamma (see page 19 ) and N, = 107 per
cm” (see page 17), the above expression reduces to £ = 70R/f2 radians for R
in km and f in mc/s.

g. Beyond the Horizon Propagation

On the earth, low-frequency waves are diffracted an appreciable
amount over mountain ranges and around the curvature of the earth. Dif-
fraction would also be present on the moon, but there are several things that
would lead to a reduction of this phenomena as compared with the terrestrial
situation. First, the moon's curvature is much greater making diffraction less
effective. Second, conductivity of the lunar surface materials may be below
that of the earth; this would reduce surface waves around the curved surface.
Third, the fall-off with height of the refractive index above the earth tends to
give the rays a downward curvature. If the moon has an electron distribution
that is more dense near the surface, this would give the rays an upward
curvature at low frequencies.

At short-wave ratio frequencies the earth's ionosphere acts as a
waveguide, thus energy can be transmitted over great distances. An analogous
situation is not expected on the moon.

Atmospheric turbulence scatters the energy of high-frequency
waves beyond the earth's horizon. The absence of a dense atmosphere on
the moon would preclude this type of propagation.

Ionized trails of meteors also furnish a mode of long range pro-
pagation on earth that is not expected to be effective on the moon because
the lunar atmosphere is not dense enough to offer much frictional resistance
to meteoric flight,

In short, it appears that it would be rather difficult to propagate
any appreciable energy beyond the moon's horizon at any frequency.

h. Antenna Effects

It is visualized that an ion sheath around an antenna might critically
affect its impedance and propagation characteristics as well as maximum power
handling capability, while corona discharge and irradiation by protons and
photons could increase the noise figure of the system. It is anticipated that
these effects would not be different near the moon than at any other point in
interplanetary space, but future investigations should be conducted to pro-
vide answers to these questions.

4, Summary

In summary it can be stated that the absence of firm data plagues
any theoretical analyses concerned with the effects of the lunar atmospheric
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environment on radar propagation. The work performed in this study,
however, has considerably narrowed the number of atmospheric factors
which might have to be duplicated to completely simulate radar pro-
pagation through the lunar atmosphere, These factors are as follows:

vacuum conditions
temperatures
gases

aerosols

electron layer
magnetic field

high energy particle bombardment of the antennas.

These analyses have also demonstrated that the radar frequencies
least affected by the lunar atmosphere are probably centered around the lower
portion of X-band., This argument is illustrated in Figure IIIA-4 and is further
supplemented by the estimated effects (see Figure IIIA-8) of low frequency
Faraday rotation and absorption, plus high frequency degradations of fre-
quency dispersion, refractive index diffusion and bending and reflection
effects of dust.

This is not to imply that other frequency bands cannot be used,
since the degrading effects of the lunar atmosphere are rather mild in all
cases where estimates were made.

B. SURFACE AND SHALLOW-SUBSURFACE EFFECTS

A rigorous mathematical treatment of the effects of surface and
shallow-subsurface environmental factors is not within the scope of this re-
port, but some general statements concerning these effects should be made.

Reradiation of lunar materials is affected by many surface vari-
ables, e.g., compaction, metallic content, moisture content and roughness.
Each of these has some control over the reradiated energy picked up by the
radar receiver. Therefore, information concerning these variables is
theoretically available in the radar output. Whether or not this information

actually can be extracted is subject to a number of variables, such as the

dynamic range of the receiver and the observers familiarity with the re-
radiation characteristics of the pertinent materials.

Subsurface materials lead to even more complications. If, for
example, a good electrical conductor overlays a poor conductor, reradiation
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from the good conductor will normally dominate. An exception to this
occurs when the attenuation rate of the surface material reduces the signal
from the subsurface conductor to less than the low level of the first surface
reradiation, Whether or not this will occur depends primarily upon the
level of incident radiation, attenuation rate, wavelength, and the degree of
conductivity contrasts, An additional effect of a good conductor is to limit
the depth of penetration. All such conductors characteristically produce a
""skin effect! whereby current flow is set up on the outer surfaces of the con-
ductor and relatively little penetration can be expected. Thus, if there is a
good conductor at the surface or in the shallow-subsurface of the lunar
terrain, depth to which electromagnetic terrain analysis can be carried out
will be restricted.

Knowledge of the physical prop.erties and distribution of lunar
materials, therefore, is very important. Unfortunately, actual lunar ma-
terials and distributions are not available for such determinations. The
next best approach to determine the expected reradiation characteristics of
lunar materials is to use combinations and/or modifications of available
terrestrial materials (described in Table III) or artificially prepared ma-
terials postulated by various authors to have a lunar counterpart.

The exact effects of various terrestrial materials on electro-
magnetic radiation has received only limited attention; i.e., some theo-
retical studies have been conducted, terrain materials have been packed in
waveguides to measure dielectric constants, and field studies have been con-
ducted which consider only superficial terrain parameters. Such studies have
provided useful data which can be accepted as a guide for future work, but
they cannot be accepted as applying directly to an operational terrain-ana-
lyzing radar output. Table IV is indicative of the type of information
available from previous studies, but even these data were collected under
circumstances where experimental control was not always the best. In fact,
this area of scientific endeavor is comparatively so new that some con-
trolling factors are just now becoming evident.

Fortunately, programs currently are being pursued which un-
doubtedly will provide data of superior value. For example, a program is
being conducted at the U. S. Army Engineer Waterways Experiment Station
in Vicksburg, Mississippi, where a radar laboratory (see Appendix B for
facility description) has been constructed in which radars operating in four
different bands are being used to analyze various soils under controlled con-
ditions. Data from such programs should prove to be extremely useful for
future radar analysis work.

As this lunar program continues, some theoretical analyses
should be conducted on the surface-subsurface effects on radar propa-
gation, The latest data available froia such projects as noted above, should
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be used in these mathematical treatments, but probably the most useful
data would be obtained by actual measurement of reradiation from postulated
"lunar' materials.
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SECTION IV

ENGINEERING CONSIDERATIONS

A. INTRODUCTION

A survey of selected radar and simulation facilities (see
Appendix B) indicated that no single facility, existing or proposed, would
be adequate for complete simulation of radar analysis of the moon, It was
assumed, however, that through modification or combination of these
facilities a complete simulation configuration could be obtained. This
portion of the study was undertaken to identify engineering problems
associated with providing such a facility and suggest possible solutions for
these problems. Primary consideration was given radar operation, lunar
atmosphere simulation and '"lunar' material radar reradiation detection.
Design and equipment requirements were investigated and an example of a
possible facility arrangement is provided.,

B. DESIGN REQUIREMENTS
1. Atmosphere

Work described in Section III-A identified seven conditions,
which if simulated properly, should duplicate all aspects ofthe lunar atmos-
phere which possibly affect radar propagation. These conditions are listed
in Table B-1 of Appendix B in their approximate order of importance.
Appropriate value ranges ofthese conditions are also specified. These
data represent the atmospheric model or design goal for the radar facility.

2. Surface and Shallow-Subsurface

Facility requirements for the preparation of lunar surface and
shallow-subsurface samples should be studied at a later date (see Section VI).
The primary terrestrial materials postulated to have lunar counterparts,
however, have been identified in Table III.

It was assumed that radar and environmental simulation equip-
ment problems would be the controlling factors in facility design. Therefore,
detailed consideration of lunar surface and shallow-subsurface requirements
can be safely postponed.

3. Radar

a. General Considerations
1} Far-Field and Sample Size

Far-field operation should be employed when simulating radar
returns from the lunar surface. This is true because the simplifying assumptions
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normally made in analyzing radar returns (e.g., plane waves) are not
valid in near-field applications, thus, making the analysis of near-field
data extremely complicated. Therefore, far-field operation is assumed
to be necessary.

The distance from the radar antenna to the far-field region is
given by:

R Z 2p°
A
where D is the diameter of the antenna and A is wavelength. Obviously then,
distance to the far-field region can be controlled by selection of antenna
dimensions. However, antenna dimensions also control beamwidths (or gain).
Therefore, as the distance to the far-field region is reduced, beamwidth
(hence required sample size) is increased. Reference 29 includes a compiete
treatment of optimum selection of antenna and sample dimensions for laboratory
installations. The results of this work are summarized in Table V.

2} Penetration
It is generallg true that penetration of terrain materials is
proportional to wavelength.z Therefore, multiple frequency capability is
desirable for terrain analysis.
3) Summary of Basic Radar Considerations
The size of a facility capable of analyzing samples at radar
frequencies are controlled by far-field, beamwidth and penetration require-
ments. Typical far-field and beamwidth dimensions are given in the
following table.
TABLE V

TYPICAL FAR-FIELD AND BEAMWIDTH DIMENSIONS

Wave-  Antenna Beam- Far-  Sample Diameter
Frequency length Diameter Width  Field at 90° Incidence
Band . kmc (cm) (ft) (deg) (ft) (£t)
P 0.3 100.0 8.0 26.7 38.6 21.4
C 6.0 5.0 2.0 6.9 47.5 5.14
X 10.0 3.0 1.5 4.6 41.8 3.63
Ka 35,0 0.86 0.75 2.6 39.5 1.95
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b, Frequency Selection

Results of the theoretical analysis in Section IIIA indicate
that the portion of the radar spectrum expected to be least affected by
the lunar atmosphere is centered around lower X-band., These results
plus size requirements imposed by a lunar orbiting vehicle and labora-
tory samples seem to identify preferred frequencies ranging approximately
from C - to K-band (3.9 to 36 kmc).

4, Scaling

The flexibility that scaling affords has aided the experimenter
immeasurably in many data collection programs where time and cost for
full-scale measurements were prohibitive. Radar cross-section measurements
and other related programs are good examples of areas where scaling has been
extremely beneficial. Therefore, scaling demands consideration in the present
study.

a. Small-Scale Facility

A small-scale facility for simulating radar analysis of the
moon is defined as a small bell-jar type arrangement containing a horn
or other small radiating antenna. Such a facility would have the advantages
of small sample size requirements and relatively low construction cost.

In order to maintain reasonable beamwidth and far-field dimensions,

the operating frequencies of such a facility would have to be scaled upward

into bands of very little use in actual lunar analysis, Therefore, the re-
radiation characteristics of the various '"lunar'' samples used on this facility
would have to be extrapolated downward into more useful frequency bands.
Unfortunately, terrain analysis by radar has not advanced to the point where
extrapolations from one frequency to another can be made with any degree of
reliability, Therefore, a small scale facility, would be unsatisfactory for
lunar radar analysis studies at this time.

b. Medium-Scale Facility

A medium-scale facility is arbitrarily defined as one in which
full-scale, far-field radar is employed, but the antennas are not located
within a simulated lunar atmosphere. In this case the 'lunar' sample would
be placed under a housing, relatively transparent at radar frequencies, where
the lunar atmospheric conditions are simulated. Corrections for the effects
of the housing on radar transmissions would be required but, since these
effects are constant, compensation can be made through calibration procedures.
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The advantages of a medium-scale facility include full-scale
radar operation and fairly small volumetric requirements for a simulated
lunar atmosphere. The disadvantage of such an arrangement is that the
propagation path is not entirely within the simulated lunar atmosphere.

c. Large-Scale Facility

A large-scale facility is defined as one in which the radar
antennas, the propagation path and the 'lunar' sample are all within a
simulated lunar atmosphere. An example of this type of facility is shown
in Figure B-3, Appendix B.

An obvious advantage of such a facility is complete environ-
mental control. Disadvantages are:

1) Compatibility; electromagnetic propagation in such an
enclosure will lead to undesirable reflections unless ab-
sorbent materials are used extensively. Use of such
materials on the chamber walls would prohibit required
cold-wall operations.

2) Cost; the dimensional requirements discussed previously
in this section (See Table V) specify a propagation path of
at least 38 feet., Thus, even a large facility such as the one
shown in Figure B-3 of Appendix B would be unsuitable un-
less the arch is about 50 feet high. The U. S. Army Engineer
Research and Development Laboratories have estimated the
cost of %632 8 foot facility of this type to be about 6,000,000
dollars.

5, Conclusions

Small-scale facilities are currently unsatisfactory for simulating
radar analysis of the moon primarily because of frequency scaling diffi-
culties, Large-scale facilities appear to be excluded because of their high
cost. ( No facilities of this type currently exist, and construction cost would
be more than 6,000,000 dollars.) Medium-scale facilities appear to be the
best selection for the following reasons: a) laboratories of this type are
already in existence and amenable to required modifications; b) full-scale
radar operation is possible; c) the effects of the earth's atmosphere on
radar propagation over the relatively short path lengths involved are not
expected to be significant unless anomalous concentrations of contaminents
occur, Therefore, only medium-scale facilities are considered in the re-
maining portions of this report.
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C. EQUIPMENT REQUIREMENTS
1. Vacuum
a. Simulation Requirements

Estimates of the pressures to be encountered at the lunar
surface range from 107 to 10~ 16 Torr (see Table B-1 of Appendix B).
The lowest operational pressure presently obtainable in a medium -sized
simulation facility is 107 Torr (see Table B-2 of Appendix B), For a
medium-scale radar facility (with a simulator volume of approximately
200 cubic feet), a pressure of approximately 1077 Torr is required.

b. Typical Equipments for a Medium-Scale Facility

Selection of proper vacuum equipments for a lunar environment
simulation chamber is dependent upon the following factors:

size of chamber
pump-down time requirements
vacuum requirements (degree of vacuum)

outgassing rates for equipment or materials within the
chamber

leakage

Therefore, equipments must be selected with care. For example, if
relatively rapid pump-down time is specified and equipment selection is based
solely upon this figure and chamber size, it is quite possible that outgassing
of introduced '"lunar' samples will be a serious problem.

Most high vacuum equipments logically fall into two groups,
i.e., those which vent directly into the atmosphere and those which require
buffer pump or forepumps. Table VI includes examples of both types.

From the above considerations, it appears that an oil-sealed
rotary type forepump and two 20-inch oil diffusion pumps would be adequate
for a lunar radar facility. Douglas Aircraft Company, Inc., for example,
has a 125-cubic foot, high altitude chamber which uses a single 32-inch
oil diffusion pump as their main vacuum source’} to obtain pressures
equivalent to 10-7 Torr. Johns Hopkins University uses a pair of 20-inch
oil diffusion pumps to obtain a pressure of 107" Torr in a chamber of
approximately 220-cubic feet. 71

Defining pump size in relation to chamber size, however, is
only an approximation of actual requirements. The final pump configuration
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can only be determined when the conductance of associated vacuum piping,

the amount of outgassing to be expected from the ''lunar' samples and from
any auxiliary equipment within the chamber, leakage, and the nature of the
gas to be pumped are known.

2, Maximum Temperature
a. Simulation Requirements

Maximum temperatures at the lunar surface have been deter-
mined to be approximately 407°K (see Table B-1 of Appendix B). This
figure is based upon experimental measurements and it is assumed (in
this report) that the heating is due entirely to energy received from the
sun. The solar constant™ has been accepted as the solar energy level for
the lunar surface. This value is given as 1.94 calories per square centi-
meter per minute (1352 watts per square meter) the wavelength range of
solar radiation considered in this section ranges from approximately 0.3
to 2.0 microns,

Two conditions must be duplicated if solar radiation is to be
simulated. These conditions are intensity (the solar constant) and energy
distribution. Since the basic requirement is high temperature, simulation
equipments must reproduce infrared radiation intensities and energy dis-
tribution most faithfully. This assumption is made even though little is
known about the nature of lunar surface materials and whether or not the
shorter wavelength radiation contributes to the surface temperature through
particle excitation.

b. Typical Equipments for Medium-Scale Facility

Applicable equipments for simulating solar radiation are listed
in Table VII, Of these equipments the most adaptable are xenon short-arc
or standard 3000°K incandescent lamps used in conjunction with ultraviolet
lamps.9 A medium-size facility would require a single 10 kw xenon lamp,
or a number of smaller lamps totaling 10 kw, to illuminate a sample area
of approximately 20 square feet. Three, 1 kw incandescent lamps employed
in conjunction with mercury vapor lamps would provide the same spectral
illumination of the area.

An advantage in using xenon lamps, rather than incandescent lamps,
is that xenon lamp intensity can be varied over an extreme range without
causing spectral shift. For radar analysis research, lamps cannot be
arranged to provide vertical incidence illumination of the sample because
of radar equipment configuration. The range of available intensities using
xenon lamps should permit mounting in other than normal positions and still
duplicate the solar constant energy level.

* The solar constant is defined as the energy received from the sun at
normal incidence just outside the earth's atmosphere.
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3. Minimum Temperature
a. Simulation Requirements

The lowest temperature expected at the lunar surface is esti-
mated to be approximately 90°K,

b. Iypical Equipment for Medium-Scale Facility

For a medium -scale facility the most suitable coolant mechanism
appears to be a liquid nitrogen refrigeration system (liquid nitrogen boiling
point = 77, 3°K}).

Two types of liquid nitrogen systems are available, i.e.,(1l) single
pass systems, in which liquid nitrogen is exhausted after one pass, and
(2) closed re-cycling systems.

The closed re-cycling system is preferred for a medium-scale
facility because exhausting concentrated nitrogen vapor in the vicinity of
radar equipments may create operational problems. Nitrogen vapor itself
is not expected to degrade radar transmission, but the low temperature ex-
haust could produce water vapor condensation clouds which would affect
radar propagatioxy.

Of the many closed-system refrigeration methods utilizing
1iquid6nitrogen, three appear best suited for medium-size facilities. These
are:

Linde High-Pressure Process
Claude System

Cascade System

In the Linde high-pressure process, refrigeration is accom-
plished in two stages by Joule - Thompson expansion. In the Claude system
refrigeration is produced by expansion in an engine with final refrigeration
usually produced by a Joule - Thompson expansion. The Cascade system
lowers temperatures by a three-fluid external process. This is in contrast
to the previous types where almost all refrigeration originates in the process
gas. Typical fluids for a three-fluid system are ammonia, ethylene and
methane.

For the medium-size simulator discussed herein, either the Linde

high pressure or the Claude system appears applicable. Figure IV C-11is a
block diagram of a Claude cycle.
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charging requirements.
Initial equipment costs
for the closed system,
however, will be much
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Figure IVC-1. Claude Cycle

4. Gases
a. Simulation Requirements

The critical constituents of the lunar atmosphere as given in
Table B-1 of Appendix B are:

Water Vapor
Sulfur Dioxide
Carbon Dioxide

The density of these §ases in the lunar atmosphere has not been accurately
determined. Dollfus?0 estimates the lunar atmospheric density to be less

than 1010 molecules per cubic centimeter. Since it is highly unlikely that

the atmosphere would be made up of only one of the above-mentioned con-

stituents, a simulation density maximum for each can be considered to be

1010 molecules per cm,

b. Typical Equipments for a Medinm-Scale Facility

The design of a complete facility for radar analysis of the moon
should include a means for varying atmospheric constituents and density.
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This can be accomplished most readily by injecting concentrated amounts of
each gas or a selected group of gases into the evacuated chamber, and re-
peating the pump-down to the desired vacuum.

Equipments necessary to accomplish the injection and to monitor
the gas concentrations appear to be well within the state-of-the-art and
should not be a major engineering problem. Premixed gases can be ob-
tained in desired concentrations for injection into the simulation chamber.

5. Aerosols

a, Simulation Requirements

Aerosols in the lunar atmosphere appear to come from two sources;

dust particles kicked up by meteoritic impact or other crustal disturbances,
and cosmic dust falling to the lunar surface. Since the aerosol concentration
in the lunar atmosphere has not been determined quantitatively, simulation

requirements cannot be established. Therefore, simulation equipments would
have to be capable of varying the concentrations, composition, and dimensions

of aerosol particles over a fairly wide range.
b, Typical Equipments for a Medium-Scale Facility

Equipments for injecting aerosols into the environment chamber
could be quite varied due to the range of requirements. It appears, how-
ever, that suitable injection equipments could be engineered with relative
ease and low expense.

6. Radiation (High-Energy Particle Bombardment)

a. Simulation Requirements

Ionizing radiations incident upon the lunar surface are ex-
pected to affect lunar soils in a variety of ways. Such effects could in-
clude darkening of lunar soils, welding of soil particles, and the creation
of a chemically unstable and highly reactive surface. One of the most im-
portant forms of radiation consists of ionized, hydrogen plasma with proton
energies of several kilovolts. ‘816 The proton flux density incident upon the
lunar surface approximates 10~ to 10! protons per cm©-sec (see Table I).
The radiation energy levels expected at the lunar surface varies from a
few ev to hard cosmic rays of 1000 Bev or more. Therefore, an upper
limit of 1000 Bev is tentatively set as a simulation requirement.

b. Typical Equipments for a Medium-Scale Facility

A wide range of particle energies can be simulated by using
available ion sources and electrostatic acceleration systems. For example,
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in the MIT cyclotron, it is possible to accelerate deuterons to velocities
equivalent to that attained by accelerating the same particles through a
potential difference of 18 million volts (or 18 mev). Use of a frequency
modulated cyclotron increases this to several hundred million volts. Simi-
larly, electron acceleration can be accomplished by using a betatron or Van
deGraaff type generator, 74Higher energy particles can be achieved by the
use of various radioactive materials.

Very little is known concerning the effects of high-energy
particle bombardment on the possible lunar surface materials, There-
fore, stipulation of precise equipments to generate these particles (con-
sidering the variety of particle types and relative energy levels) can only
be done arbitrarily. At the present time it appears that the irradiation
would not have to occur within the lunar atmospheric simulation chamber
and samples could be irradiated in some other facility. An irradiated
sample of the size stipulated in Table V, would require particle
generators and accelerators of fairly high capacities if the irradiations are
to be completed in a reasonable length of time. Therefore, sample ir-
radiation equipment is not considered to be part of the lunar simulation
facility.

7. Ionizatio\n

a. Simulation Requirement

Electron densities in the lunar atmosphere are estimated
to range from 103/m?> to 107 /em”. The heaviest concentration of
these electrons is expected to exist just above the lunar surface. If
the latter were not true, i.e., if the lunar ionosphere occurred at an
altitude of several hundreds of meters, simulating this condition in proper
perspective relative to the lunar surface would be difficult if not impossible.,
However, if the lunar ionosphere is assumed to exist near the lunar surface,
simulation of this condition is relatively simple.

b. Typical Equipments for a Medium-Scale Facility

Establishing the required electron densities can be accomplished
by using off-the-shelf equipments. For example, x-ray bombardment or
electron boil-off processes, such as a heated cesium cylinder can be em-
ployed. From the standpoint of cost and power requirements the latter
method appears to be most suitable.
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8. Magnetic Field
a. Simulation Requirements

The magnetic field strength of the moon has been estimated to
range from 2,5 gamma73 to as high as 3000 gamma. 35 These values are,
of course, much lower than the earth's magnetic field (25, 000 to 100, 000
gamma). Simulating the lunar field within a restricted area on the earth's

surface, therefore, requires that the earth's natural field be drastically
reduced.

b. Typical Equipments for a Medium-Scale Facility

There are two methods commonly used to reduce the effects
of the earth's magnetic field: magnetic shielding and Helmholtz coils.
Shielding is generally used where the elimination of induced diurnal gradients
is not critical. Helmholtz coils and associated current regulators are
usually employed when a steady field is required.

Simulating the magnetic field of the moon in the facility under
consideration by the use of magnetic shielding is impractical because the
required shielding material would not be transparent at radar frequencies.
Helmholtz coils appear to be the best approach both from transparency
considerations and inherent flexibility.

A medium-size facility enclosing something less than 200
cubic feet would require a coil 15 to 20 feet in diameter with about 20 turns
carrying three to four ampheres (the coil in this case is external to the
chamber). Such a coil, if properly oriented to partially nullify the earth's
field, could produce the postulated lunar magnetic intensities.

D. EXAMPLE OF A MEDIUM-SCALE FACILITY ARRANGEMENT
1. Introduction

As defined in Section IVB3, a medium-scale simulation facility
is one in which radar may be used in full-scale but the antennas are not
located within a simulated lunar atmosphere. A facility which meets this
definition and is amenable to modification for lunar radar analysis has been
designed by Texas Instruments and built at U. S. Army Engineer Waterways
Experiment Station in Vicksburg, Mississippi. Construction of a lunar
atmospheric simulation test chamber large enough to contain a 30 cubic foot
"lunar" surface-material sample (surface area = 20 sq ft.) would provide a

simulation configuration suitable for detailed radar analysis of possible
lunar materials.

2. Radar Configuration

The Waterways Experiment Station Terrain Analysis Radar
(WESTAR) laboratory provides for far-field radar operation in the K, -,
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X-, C-, and P-bands. The laboratory housing is in the form of a 50-foot
radius arch open at both ends. Radar antennas are mounted on a carriage
designed to traverse one-half of the arch. Terrain sample materials,
positioned on the ground beneath the apex of the arch, can be illuminated
with radar energy at incident angles ranging from 30 to 90 degrees.

Figure IV D-1 is a block diagram showing the component
arrangement for one radar band. The other three radars possess similar
component arrangement. A photograph of this facility is included as
Figure B-2 in Appendix B.

3. Modification Requirements
a. Radar Modifications

The existing WESTAR radar and recording equipment is
adequate for radar analysis of ''lunar' samples,

b. Facility Modifications

Modification of the type illustrated in Figures IVD-2 and 3 would
equip the WESTAR facility for complete simulation of radar analysis of "lunar"
materials,

4. Complete Facility Configuration

Figure IVD-4 shows the complete simulation facility con-
figuration.

5. Cost Estimate

A detailed cost analysis of a complete medium-scale facility
was not within the scope of this study. However, the cost of engineering
and modifying an existing radar facility (such as WESTAR) to meet all
simulation requirements has been estimated at 500, 000 dollars. Fabri-
cation of a lunar-environment sample chamber represents the principal
expense,
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